We investigated the relation between parental education and dementia in the United States. Participants in the Aging, Demographics, and Memory Study were included, with information regarding parental education obtained from the Health and Retirement Study. The odds of dementia in elderly Americans whose mothers had less then 8 years of schooling were twice (95% CI, 1.1-3.8) that of individuals with higher maternal education, when adjusted for paternal education. Of elderly Americans with less educated mothers, 45.4% (95% CI, 37.4-53.4%) were diagnosed with dementia or ''cognitive impairment, no dementia'' compared to 31.2% (95% CI, 25.0-37.4%) of elderly Americans whose mothers had at least an 8th grade education. The population attributable risk of dementia due to low maternal education was 18.8% (95% CI, 9.4-28.2%). The education of girls in a population may be protective of dementia in the next generation.
Introduction
Increasing evidence suggests that risk factors from across the entire life-course, including those from early-life, may have an impact on the frequency of dementia in late-life. 1, 2 These risk factors include germline and somatic genetic mutations, the intrauterine environment, birth-related and postpartum events, as well as environmental factors that affect growth, brain development, and cognition in childhood. 1, 2 With the exception of genetic factors, there have been few studies of transgenerational effects on the likelihood of developing clinically-diagnosed dementia. One such transgenerational variable is parental education, which for most historical cohorts occurred prior to the birth of the affected individual. In a study of Finnish men, Kaplan and colleagues assessed the effects of parental education on cognitive ability in adult mid-life and found that maternal education, in particular, was associated with better adult cognition in areas including verbal memory, visual memory, verbal fluency, complex information processing, and global cognitive status. 3 Other studies have used maternal education as part of a composite index of socioeconomic status (SES) and found higher levels of this index to be associated with better cognitive function in later life [4] [5] [6] ; however, such composite indices did not show significant results for cognitive decline 5 or Alzheimer's disease. 6 It is difficult to understand the influence of maternal education on later cognitive function when it is embedded in a composite measure of SES or other early-life influences because its association to cognition may be diluted by other measures (eg, paternal occupation 7 ) that are less directly related to the outcome of interest. In addition, such composite indices make it difficult to isolate the most influential variables, or those with the most potential for targeted efforts to reduce the prevalence of cognitive decline and dementia.
We report here an investigation of the distinct effects of maternal and paternal education on the frequency of clinically diagnosed cognitive impairment in a nationally-representative sample of the US population. We hypothesized that lower maternal education would be associated with increased risk of both dementia and cognitive impairment in the absence of dementia (''cognitive impairment, not demented'' [CIND] ). We used a path analysis approach to examine direct and indirect influences of transgenerational factors (ie, parental education, race, and apolipoprotein E genotype) on late-life dementia and CIND.
Methods Participants
The study design for this investigation was casecontrol, nested within a prospective longitudinal panel study. The participants were 856 individuals in the Aging, Demographics, and Memory Study (ADAMS). Full details of the ADAMS design and methods have been reported previously. 8 Briefly, the sampling frame for the ADAMS was the nationallyrepresentative Health and Retirement Study (HRS) of persons born in 1947 or earlier, which was designed to investigate the health, social, and economic implications of aging in the American population. 9 A stratified sample was taken from the HRS of individuals aged 70 years and older to derive the ADAMS participants. Specifically, sampling was stratified by cognition, ranging from ''low'' to ''high normal'' function on the HRS cognitive measures. 8 The 3 highest cognitive functions were further stratified by age (70-79 years vs. 80 or older) and sex to ensure relatively adequate numbers of participants by age and gender in these subgroups.
Procedures
To determine dementia status, each participant in ADAMS underwent a battery of neuropsychological tests, a videotaped standardized neurological examination, and a 7-minute videotaped segment covering portions of the cognitive status and neurological examinations. In addition, the participant's clinical history was obtained from a proxy informant, which included (1) chronological history of cognitive symptoms, (2) medical history, (3) current medications, (4) current neuropsychiatric symptoms, (5) measures of severity of cognitive and functional impairment, and (6) (1) mild cognitive or functional impairment reported by the subject or informant that did not meet criteria for dementia or (2) performance on neuropsychological measures that was both below expectation and 1.5 standard deviations below published norms on any test. Of the 856 participants, 241 were diagnosed with CIND, 99% of whom met criterion 2, 28% of whom met criterion 1 (using Dementia Severity Rating Score of >5 and <12 as the guideline), and 28% of whom met both criteria. For criterion 2, 95% were impaired on more than one test. Further details of subcategories of dementia and CIND have been described elsewhere. 8, 10 Information regarding father's education and mother's education was based on self-or proxyreported information collected during the baseline HRS interview. Most often, the proxy was the spouse. For purposes of this study, ''low education'' was defined as attending less than 8 years of schooling and ''high education'' was defined as attending 8 or more years of schooling. This cut point reflected historical levels of education in the United States at the end of the 1800s and early 1900s, when the parents of the ADAMS participants were schooled. 11 Information regarding maternal education was available for 83.5% of the participants. The comparable percentage for paternal education was 81.8%. For 11.3% of the participants, data on both maternal and paternal education were not available.
Statistical Analyses
Statistical analyses were performed in Stata/SE 9.2 for survey data, taking into account the complex sampling design of the HRS and ADAMS. 12 Initially, tables were generated for categorical data, weighted to reflect the elderly population in the United States. Multiple imputation by chained equations was used for missing data (based on 20 cycles of regression switching and 10 imputations). All analyses were conducted with and without multiple imputation and the results were similar (n ¼ 856 and n ¼ 654, respectively).
Maternal and paternal education were regressed on dementia status (normal cognition, CIND, dementia) to generate odds ratios, using survey ordinal logistic regression. Because the time sequence of several transgenerational factors (ie, parental education, race, and ApoE genotype) was known, a path model was developed using probability principles previously described. 13, 14 All possible associations among variables in the model were specifically tested to determine the direction and size of coefficients. Unidirectional arrows represented possible directed associations while bidirectional arrows represented associations without direct causal inference. The lack of an arrow indicated no association. The presence of ApoE e4 alleles was coded as a count of e4 alleles (0, 1, or 2). Estimates of effect were generated in survey-weighted logit models, with all ''causal parents'' (predictors in the proposed model) included for a specific dependent variable. For the final path model, odds ratios are reported for the 4 logit regression models, with outcome variables identifiable by incoming arrows in the model. That is, father's education and participant's race were regressed on mother's education; mother's education and participant's race were regressed on participant's education; race was regressed on ApoE e4 alleles; and ApoE e4 alleles and participant's education were regressed on cognitive impairment in late-life (categorized as normal cognition, CIND, and dementia). All estimates of effect were adjusted for participant's age (years) at the time when the dementia status was determined and were weighted to reflect the overall elderly population of the United States.
Population attributable risk (PAR) was calculated using the weighted-sum approach, with the proportion of cases in each adjustment level as the weight (case-load method). 15 Under standard assumptions, this PAR yields an asymptotically unbiased estimator of the attributable risk, which reflects both the strength of the association and the prevalence of the predictors. The PAR for maternal education was adjusted for age and presence of ApoE e4 alleles. Standard errors for PAR and 95% confidence intervals were calculated using Walter's formula. 16 Three sensitivity analyses were conducted on the final path model. The first was conducted to assess the effect of education on dementia status when restricted to whites only, because non-white race was associated with education and non-whites constituted a small percentage (10.7%) of the population. The second and third sensitivity analyses were done to restrict the analyses to those participants in whom memory of parental education would likely be more accurate. In the second sensitivity analysis, individuals whose age of onset of dementia was less than 5 years since the time of the baseline interview were excluded, because questions regarding parental education were asked at the baseline interview. In the third sensitivity analysis, we excluded (1) participants with normal cognition and a baseline proxy interview and (2) subjects with dementia without a proxy baseline interview.
Results
The prevalence of CIND and dementia increased with age, with 31.0% of individuals aged 80 years or older having CIND and 26.6% diagnosed with dementia ( Table 1) . Although there was no association between dementia status and gender, there was for race; non-whites exhibited a greater probability of dementia and CIND than whites. Elderly Americans with 1 or 2 ApoE e4 alleles had a greater prevalence of dementia (20.3%) than those without (11.6%). The frequency of ApoE genotype in this population, all cognitive groups combined, was 24.2% for 1 ApoE e4 allele and 2.2% for 2 ApoE e4 alleles. There was variability in the cognitive status by region of birth in the United States, with those born in the south exhibiting a greater prevalence of dementia (18.6%). The birth years for the participants ranged from 1893 through 1932.
Maternal and paternal education were strongly related (P < .001); there was concordance in parental educational status (< 8 years vs. 8þ years of schooling) in 82.4% of participants. To evaluate the individual contributions of maternal versus paternal education on dementia status of their children, each combination of parental education was considered ( Table 2) . Of the elderly Americans 52% had parents who both received schooling for at least 8 years, while 30.4% had parents who both had less than an eighth grade education. Of the elderly Americans with more highly educated mothers, 68.8% had normal cognition, (95% CI, 62.6-75.0%), while 54.6% of those with less educated mothers had normal cognition (95% CI, 46.6-62.6%), irrespective of the level of paternal education. In contrast, 45.4% of elderly Americans whose mothers did not have an eighth grade education were diagnosed with either CIND or dementia (95% CI, 37.4-53.4%), regardless of paternal education; this compared with 31.2% (95% CI, 25.0-37.4%) of elderly Americans with higher maternal education.
The odds ratio for the association between low maternal education and dementia status (normal, CIND, dementia) was 2.0 (95% CI, 1.1-3.8; P ¼ .033) when adjusted for paternal education. The odds ratio for the relation between paternal education and dementia status was 0.9 (95% CI, 0.5-1.5; P ¼ .642) when adjusted for maternal education. Because the results reflect ordinal logistic regression, this odds ratio indicates that the odds of dementia (versus normal cognition or CIND) were twice as great in elderly Americans who had less educated versus more educated mothers. Similarly, the odds of cognitive impairment in late-life (CIND or dementia, versus normal cognition) were 100% greater (or twice as great) in elderly Americans whose mothers did not have an eighth grade education compared to those whose mothers had at least an eighth grade education. When stratified by gender, the odds ratio for the association between low maternal education and late-life dementia in men was 2.2 (95% CI, 1.0-4.8) and in women was 1.9 (95% CI, 0.9-4.2); effect modification by gender was not significant (P ¼ .490). Likewise, gender was not a confounding variable in these data; adjustment for gender did not appreciably change the odds ratios, as gender was not significantly related to the outcome, cognitive status (P ¼ .766). The population-attributable risk of dementia due to low maternal education was 18.8% (95% CI, 9.4-28.2%). Table 3 lists the results for combinations of maternal and paternal education. The odds ratio for low maternal and low paternal education was 1.9, which indicates that the odds ratio of cognitive impairment (either CIND or dementia) were 90% greater in those with low parental education compared to participants with high parental education. When ApoE e4 allele status was considered, the odds ratios tended to be greater in those groups with low maternal education and in those groups with at least one allele. The odds ratio for low maternal and high paternal education was significant (OR ¼ 2.9) in those without ApoE e4 alleles, as was the odds ratio (OR ¼ 1.9) for those with both low maternal and low paternal education. For individuals with at least one ApoE e4 allele, the odds ratio for low parental education was significant at 3.7.
The relation between maternal education, participant's education, and dementia status in late-life is shown in Table 4 . Only 8.7% of elderly Americans had less than an eighth grade education, while 35.1% had a mother with this educational background. Normal cognition was most prevalent (at 70.0%) in families in which both the mother and child had a higher level of education. The highest prevalence of dementia was in participants who did not have an eighth grade education (24.4% in those with high maternal education and 32.3% in those with low maternal education). Because an educated mother was strongly associated with higher education in her child, with an odds ratio of 6.6 (95% CI, 2.9-15.3), most families with an educated mother also had an educated child (63.3%). This relation was reflected by the low percentage (1.6%) of families in which the mother had a high education level and the child had a low education level.
Simultaneous entry of maternal education, paternal education, and child's education into an ordinal logistic regression model with cognitive status (normal, CIND, dementia) as the dependent variable yielded an odds ratio of 1.6 (95% CI, 0.8-3.1) for maternal education, an odds ratio of 0.9 (95% CI, 0.5-1.6) for paternal education, and an odds ratio of 3.5 (95% CI, 2.1-5.9) for child's education, when adjusted for age. When missing data were excluded from these analyses (ie, imputed data were excluded), simultaneous adjustment yielded an odds ratio for maternal education of 1.6 (95% CI, 0.8-3.4), an odds ratio for paternal education of 0.9 (95% CI, 0.5-1.6), and an odds ratio for child's education of 2.6 (95% CI, 1.2-5.3), when adjusted for age. The path model, generated from these data, is shown in Figure 1 . Odds ratios are displayed in relation to time, with cognitive status represented as an ordered variable (normal cognition, CIND, dementia). The odds ratio for the association between maternal and paternal education was 21.6 (95% CI, 12.1-38.6). The association between race and maternal education was also significant (OR ¼ 2.5), as was the relation between race and ApoE e4 alleles (OR ¼ 2.3 for non-white versus white). Both maternal education and race significantly predicted the participant's education; the odds ratio for the relation between maternal education and participant's education was 6.6 and for the relation between race and participant's education was 5.8. Participant's education was associated with cognitive impairment in later life, adjusted for ApoE e4 alleles and age. The odds of dementia were 4.3 times greater in participants with less than an eighth grade education compared to those without dementia (normal or CIND). Because these results were generated from ordinal logistic regression, the odds ratio remains constant across comparison groups; that is, the odds of cognitive impairment (CIND or dementia) were 4.3 times greater in participants with less than an eighth grade education compared to those without cognitive impairment (normal).
To assess fit, all independent variables in Figure  1 were regressed simultaneously on cognitive impairment in late-life (normal/CIND/dementia). Only paternal education yielded a negative Bayesian Information Criterion difference between the full and reduced models, suggesting that paternal education was not a predictor of cognitive impairment while the other variables (maternal education, race, APOE e4 alleles, subject's education and age) were.
In the sensitivity analysis using whites only, the association between maternal and child education yielded an odds ratio of 9.6 (95% CI, 3.4-26.8) and the association between child education and dementia yielded an odds ratio of 3.6 (95% CI, 2.0-6.4). In the sensitivity analysis including only those cases with dementia whose onset was 5 or more years after the baseline interview, the odds ratio for the relation between maternal and child education was 9.2 (95% CI, 3.9-21.7) and the odds ratio for the relation between child education and dementia was 4.1 (95% CI, 2.6-6.4). In the sensitivity analysis excluding proxy interviews for participants with normal cognition and self interviews for participants with dementia, the odds ratio for the association between maternal and child education in the path model was 12.6 (95% CI, 4.2-37.5); the odds ratio for the relation between participant's education and dementia was 7.3 (95% CI, 3.7-14.1).
Discussion
The current study found that maternal education was an important correlate of an individual's cognitive function in later life. Among elderly Americans who received a clinical assessment of their cognitive function, 45% of those whose mothers had less than 8 years of formal schooling were diagnosed with either cognitive impairment (CIND) or dementia, compared to 31% of individuals whose mothers had at least 8 years of education. Twenty percent of elderly Americans whose mothers did not complete 8 years of education were diagnosed with dementia. Low maternal education level resulted in twice the risk of cognitive impairment or dementia, even after adjusting for paternal education. Approximately 19% of late-life dementia in elderly Americans could be attributed to the lack of an eighth grade education in their mothers. Previous investigations support these findings. 3, 4 Kaplan and colleagues found specific effects of maternal education on several areas of cognitive performance, 3 while other studies found beneficial effects of maternal education as part of a composite of other factors. [4] [5] [6] In contrast to previous studies, 5, 6 we found clinically diagnosed cognitive impairment (ie, CIND and dementia) to be more prevalent among individuals with lower levels of maternal education. One reason for our significant results may be that we examined maternal education individually, rather than as a composite to represent SES or other earlylife influences.
There are several potential explanations for these findings. An educated mother may provide the type of stimulation necessary for better cognitive skills during the period of rapid synaptogenesis in the child. Dollaghan found that children of educated mothers use a greater number of different words, a greater total number of words, and longer lengths of utterances in morphemes than children of less educated mothers. 17 Quality of mother-infant interactions have been found to predict later cognitive functioning in children, 18 and higher levels of maternal education are associated with better cognitive functioning from ages 3 to 8 years in high-risk populations. 19, 20 In addition, research from developmental enrichment interventions shows greater cognitive improvements in children whose mothers have less education than in children with educated mothers, implying that the consequences of an educational deficit may be partially mitigated by external intervention after birth. 19, 21, 22 However, these studies also showed that the absolute cognitive level never reached that of children whose mothers were more educated. 21, 22 Thus, maternal education may provide the foundation for a developmentally-rich environment during the early childhood period.
Another possible mechanism for the positive effect of maternal education is through the physiologic advantages an educated mother brings to a child. Maternal education is a known predictor of birth weight, and fetal brain development is related to birth weight. 23 Low birth weight is associated with reduced volumes of parietal, occipital horn, and frontal gray matter. 24 A portion of the birth weight effect could be associated with undernutrition during fetal growth, mediated through poverty. 25 In the 1946 British cohort, however, birth weight was predictive of cognitive function at 8 years of age but not at 43 years, although shortness in height, often used as a proxy measure for deficiencies in childhood nutrition, was associated with dementia. 26, 27 In addition, there are some physiological advantages of an educated mother which are more apparent after the birth of her child. For instance, postnatal head growth was significantly greater in children who had educated mothers, and brain growth after birth was more predictive of cognitive function at 9 years of age than brain growth in utero, suggesting that factors after birth were more important than those during pregnancy. 28 The results of our study indicated that there were few instances in which the mother was educated (to eighth grade) but the child was not; thus, we could not adequately assess these effects independently. Without evidence from trials, it is not possible to determine the extent to which maternal education, child education, or correlates thereof have a causal effect on cognitive impairment and dementia in late-life. Indeed, these factors may well be part of a larger causal pathway, with child education serving as a marker for the cognitive milieu present during synaptic proliferation in early childhood. There is considerable evidence that the cognitive environment prior to formal schooling strongly determines cognitive abilities of the school-aged child. [29] [30] [31] [32] In an in-depth analysis of a wide spectrum of possible mechanisms mediating the effects of poverty in children, Guo and colleagues found that cognitive stimulation during preschool (eg, how often the mother read to the child and the number of children's books in the home) was the most critical factor determining intellectual development in the school-aged child. 29 Mother's education and the cognitive ability of the mother were both, in turn, significantly associated with this most important factor-preschool cognitive stimulation.
This study has several limitations that merit discussion. One of these is the lack of records to verify the educational status of the parents. Although the sensitivity analyses conducted to address this issue demonstrated that the effect of maternal education remained after restriction to those groups in which accuracy of reporting educational status was likely to be better, verifiable data on educational level and performance is preferable. Krieger and colleagues found that father's education was accurately recalled from adulthood (more so than social class) and was not differentially recalled based on adult socioeconomic position. 33 Another limitation was the inability to assess change in cognitive status (normal, CIND, dementia) over time, to discriminate baseline cognitive performance from change in performance. An additional limitation is the possibility of survivor bias; that is, those who survived to older ages (and thus, were assessed in the HRS) would be different with respect to the variables of interest than the entire cohort born during the early 20th century.
Because individuals with lower childhood mental ability tend to have shorter lifespans, 34 we anticipate that the inclusion of nonsurvivors could potentially strengthen the association between maternal education and dementia.
It is important to note that the parents in this study were likely schooled during the early 1900s, a time during which primary education was not mandatory in all states and secondary education was only attained by a minority of the general US population. In 1910, for example, only 3.8% of school-aged children were enrolled in high schools and 70.4% were enrolled in grade schools. 11 Moreover, only 72.1% of enrolled students attended school on a daily basis. 11 The increasing education of the US population could partially account for the decreasing prevalence of cognitive impairment in this country. 35 Furthermore, the cognitive milieu for the HRS participants during childhood may have been quite different from conditions today. Not only were the HRS participants born at a time when fewer mothers worked outside the home, they were also born prior to the advent of television, personal computers, and other methods of communication routinely used today. It is possible that the proportional effect of maternal education on childhood development (in relation to total input) may have been greater in the early 20th century compared to today. In this context, our results may have particular relevance to children in developing countries, where educational levels are still low. Worldwide, there are 60 million girls aged 6 to 11 years who do not attend school and 100 million who are in primary school but will drop out before completion. 36 In addition, it is estimated that only 10% to 41% of parents in developing countries provide cognitively stimulating materials to their children. 37 The issue of maternal education highlighted in this study is important because the results suggest an actionable intervention. Although education of girls to the primary school level has been achieved in many developed countries, it deserves additional emphasis in developing countries. Whereas the education of girls has been shown to reduce infant mortality, maternal mortality, family size, and poverty, 36 it may have an additional effect of fostering late-life cognitive health in the next generation. Moreover, incentives to educate girls may rest, not solely on evidence of the benefits to these particular girls, but also on that to the men and women in the next generation.
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